Abstract Geographically isolated populations of freshwater fish have been introduced into conspecific native populations.
Introduction
Intraspecific invasions occur when introduced organisms belong to a sister species, subspecies, or intraspecific groups, which are defined by prominent genetic gaps in haplotypes [intraspecific phylogroup (Avise 2000) ] with any native organisms. The introduced organisms are most likely to interact with the native organisms through competition. One of the other probable interactions is intraspecific hybridization in which the introduced organisms hybridize with the native organisms and degrade their genetic identity (Allendorf et al. 2001; Bennett et al. 2010) .
Fish have been introduced to non-native areas through activities such as fishery, game fishing, ornamental trade, or habitat restoration (Lever 1996; Gozlan et al. 2010) . When this introduction occurs where native populations of the same species are present, intraspecific invasion can occur. The resultant situation is often the colonization of the introduced population and/or the hybridization with native populations [e.g., marine bluestriped snapper (Gaither et al. 2010) ; riverine brown trout (Hansen et al. 2009)] . This colonization has occurred deliberately as a target species and inadvertently as an accompanying species.
In cases of intraspecific invasion, because introduced fish and native fish are similar in their morphological characteristics, these fish are usually hard to distinguish by appearance. Thus, it is difficult to morphologically determine whether the introduced fish are established. Genetic methods, such as genotyping by DNA sequencing, microsatellites, or amplified fragment length polymorphism (AFLP) analysis, are indispensable for the detection of the colonization of introduced fish in the new environment (Hansen et al. 2009; Gaither et al. 2010; Kuwahara et al. 2012; Yokoyama and Yamamoto 2012) .
In Japanese freshwaters, the deliberate introduction of fish species has been frequently undertaken (Ecological Society of Japan 2002; Nature Conservation Committee of Ichthyological Society of Japan 2005). One of the most representative cases is the introduction of the Lake Biwa stock of the ayu fish Plecoglossus altivelis Temminck and Schlegel into other Japanese freshwaters (Miyadi 1962) . This introduction has had many effects on Japanese freshwater ecosystems because this introduction has been not only widely undertaken throughout the Japanese islands but also inadvertently accompanied by many other fish species (Kawai et al. 1980; Mizuguchi 1990) .
The pale chub Zacco platypus (Temminck and Schlegel) is one of the accompanying species (Mizuguchi 1990 ). This species lives not only in middle and lower reaches of rivers but also in coastal lake water, where this fish is one of the most abundant fishes (Mizuno et al. 1958; Miyadi et al. 1976 ). This fish was even introduced into freshwater bodies in Taiwan in association with the release of P. altivelis from Lake Biwa (Ma et al. 2006 ). In the Japanese islands, this fish was originally distributed in the western and eastern parts of Honshu Island, as well as in Kyushu and Shikoku islands (Miyadi et al. 1976 ). The distribution of this fish is currently up to the northeastern part of Honshu Island (Mizuguchi 1970 (Mizuguchi , 1990 ; National Land with Water Information Data Management Center 2014). The introduction has occurred both within and outside its original distribution.
The effects of this introduction are not limited to the distribution expansion itself, in the case where this introduced fish originated from Lake Biwa in western Japan. This lake is the largest lake in Japan and has been geographically isolated from eastern Japanese freshwater bodies for approximately 1 million years (Kawabe 1994) . Because of this long geographical isolation, a unique fish fauna has evolved. The number of fish species endemic to the lake was reported to be small (11 of the 57 total species) (Mori and Miura 1990) ; however, an increasing number of genetically isolated local populations have been recorded in the lake system with the recent development of molecular phylogenetic and comparative morphological approaches (Yoshiyasu 1973; Saitoh et al. 2000; Takahashi and Okazaki 2002; Watanabe et al. 2003) . Therefore, fish with a different trait set may have been introduced in the face of the originally distributed populations in rivers of eastern Japan. Hayakawa et al. (2009) performed a phylogenetic analysis of the mitochondrial DNA gene (cytochrome b) of Z. platypus over the Japanese Islands from the north of Honshu Island to Kyushu Island. The following three phylogroups have been recognized: East-Japan (Kanto to Tokai districts), West Japan (Kinki to northeastern part of Kyushu), and Kyushu. Therefore, the introduction of the fish from Lake Biwa to rivers of eastern Japan has crossed the geographical boundary.
Plecoglossus altivelis of Lake Biwa were first released into rivers of eastern Japan in 1913. The amount of release increased after World War II and was sustained for several decades. Although the current release amount has been greatly controlled because of the severe prevalence of the cold water disease by Flavobacterium psychrophilum for the Lake Biwa stock of P. altivelis in the 1990s, the release amount was massive during that period. For example, the release during the period from 1955 to 1979 amounted to approximately 44 tons and 36 tons in the Naka and Kinu Rivers in eastern Japan, respectively (Takamura 2013) .
The present study aimed to understand (1) whether Z. platypus of Lake Biwa were established in rivers of the Kanto Plain, eastern Japan, where a different phylogroup of the same species was natively distributed, and (2) whether these fish hybridize with native fish. The average numbers of vertebrae are higher in the populations of Lake Biwa and in newly established populations from this lake than in other populations (Mizuguchi 1970) . However, the ranges of the numbers of vertebrae overlapped between these populations; therefore, this morphological characteristic is not helpful in determining whether the fish introduced from Lake Biwa have been established in rivers of the Kanto Plain. Therfore, molecular phylogenetic approaches were applied.
Materials and methods

Sample collection
Adult fish specimens were collected from eight rivers: the Hananuki (HN), Kuji (KJ), Naka (NK), Kinu (KN), Omoi (OM), Tama (TM), and Sagami (SG) Rivers in the Kanto Plain and the Ado River, which flow into Lake Biwa, one of the sources of intraspecific introduction (Fig. 1) . Specimens of the Naka and Kinu Rivers were collected at six sites of each river in April to June 2004. Specimens of the other rivers were collected at one site of each river during the same season in 2006 and in 2007. Specimens of the Ado River were collected in June and July 2004. The fish specimens were measured to determine their standard length and body weight, and approximately 50 mg of flesh was sampled from each specimen for genetic analysis.
DNA sequencing
DNA was extracted from the flesh sample using a QIAGEN DNeasy Blood and Tissue Kit (Qiagen, Germany). The DNA extract was diluted to 50 ng/ll with purified water. The cytochrome b gene of mitochondrial DNA (*1193 bp) was amplified. The primers initially used were LCB1 (5 0 -AATGACTTGAAGAACCACCGT-3 0 ) and HA (5 0 -CAACGATCTCCGGTTTACAAGAC-3 0 ) (Perdices et al. 2004) . Because both ends of the target sequence were not clearly amplified with this first set of primers, an additional set of primers, LCBZp (5 0 -CCCTCGTGGCAGA CATAGTT-3 0 ) and HCBZp (5 0 -GAAGAATGATGCTCCG TTGG-3 0 ), was designed inside the target area from the sequence reads of the first set of primers. PCR amplification was performed in a 50-ll solution [1 9 ExTaq buffer (Takara, Japan), 0.2 mM of each dNTP, 0.2 U of Ex Taq DNA polymerase (Takara, Japan), 0.5 lM of each primer, and 1 ng of template DNA]. The reaction conditions were as described by Perdices et al. (2004) .
A portion of the PCR product was loaded onto an agarose gel to confirm the amplification of the target gene. The rest of the product was then used as template DNA for sequencing using an ABI BigDye Terminator version 3.1 Cycle Sequencing Kit and 3730 DNA Analyzer (Life Technologies, USA), following the manufacturer's protocol. The sequencing results with the four primers were assembled into the entire region of the gene using the ATGC software (Genetyx Corp., Japan).
Phylogenetic analysis
For sequencing, up to approximately 30 specimens per site were used from the Kanto Plain (Table 1) and Lake Biwa. The sequences determined for 354 specimens from rivers of the Kanto Plain and 18 specimens from Lake Biwa were aligned using the Clustal W software of the DNA Data Bank Japan (clustalw.ddbj.nig.ac.jp) and assigned to haplotypes. A statistical parsimony network of haplotypes was constructed using the software TCS 1.21 (Clement et al. 2000) . Phylogenetic trees were also constructed for the haplotypes. The jModelTest 2 software (Darriba et al. 2012, Guindon and Gascuel 2003) was used to determine the mutational model that fit the haplotype data. The bestfit model was TrN ? G (Tamura and Nei 1993) according to the Bayesian information criterion and a decision- theoretic performance-based approach. Accordingly, this model was used for the tree construction. The tree construction was performed using the neighbor-joining (NJ), maximum likelihood (ML), maximum parsimony (MP), and Bayesian (Bayes) methods. The NJ, ML, and MP methods were applied using the MEGA 4.0 software (Tamura et al. 2007 ) with a bootstrap test (1000 replicates) for the reliability of the cluster. The Bayes method was applied using the MrBayes 3.1 program (Huelsenbeck and Ronquist 2001) . The reliability of the cluster was evaluated using the posterior probabilities. The GTR ? G model was used in this study because this model is the next most complex model following TrN ? G, which is not available in the software. A sequence (DNA Data Bank of Japan, accession no. AF309084) of Nipponocypris temminki (Temminck and Schlegel) was used as an out-group taxon. All of the sequences were trimmed to 1140 bp, which is the length of the sequence of N. temminki under the complete deletion option. The P-distance, which is a simple model of evolutionary distance, is the fraction of sites that differ between a pair of sequences. This distance was estimated using the MEGA software and used to judge the reliability of clusters found in the constructed trees.
Genotyping of haplotype groups
As mentioned later in the ''Results'' section, two groups of haplotypes were identified by a phylogenetic analysis of haplotypes. Two sets of primers were designed to determine the haplotype group based on the match and mismatch of primers originally for genotyping a mass collection of larval fish (Takamura 2013) . These primers were applied for 50 specimens to increase the sample size from three rivers (OM, TM, and SG). The first set of primers was EJZp-F (5 0 -ATTTTCCATTTTAGTACTAATA GTT-3 0 ) and EJZp-R (5 0 -GCGGGGTTAGAATCAGGAA TAA-3 0 ), and the second set was WJZp-F (5 0 -ATTTTC-CATTTTAGTACTGATAGTC-3 0 ) and WJZp-R (5 0 -GTG GGGTTAGAATCAGGAATAG-3 0 ). The PCR conditions were as follows: initial denaturation at 94°C for 300 s; 30 cycles of denaturation at 94°C for 30 s, annealing at 58°C for 30 s, extension at 72°C for 30 s; and the final extension at 72°C for 420 s for EJZp-F and EJZp-R, as well as an initial denaturation at 94°C for 300 s; 30 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, extension at 72°C for 30 s; and the final extension at 72°C for 420 s for WJZp-F and WJZp-R. The PCR solution was identical to that for DNA sequencing. The major differences between the two sets of primers in the priming site were four transition sites (nos. 927, 933, 1105, and 1125; Table S1 ). Genotyping was based on the presence/ absence of a band (210 bp) on the agarose gel loaded with the PCR product from the two sets of primers. Reliability was confirmed by applying the method to 20 specimens of each of the haplotype groups (Takamura 2013) .
Statistical analysis
The frequency of haplotype groups was compared between the Naka and Kinu Rivers. The frequencies at six sites from each of the rivers were compared using the Wilcoxon rank sum test. The frequency data were arcsine transformed before the statistical tests were conducted. All statistical tests were performed using the statistical software R version 2.2.0 (The R Foundation for Statistical Computing 2005).
Population structure analysis
In a previous study (Takamura 2009 ), 396 specimens of the 2004 sample from each of six sites of the Naka and Kinu Rivers (5-45 fish per site) were typed for seven microsatellite DNA loci (Z128A, ZD181, ZD366, ZD992, ZD1021, ZD331, and ZD657; Huang et al. 2003) in order to measure the degree of genetic isolation within a river. An additional 21 specimens from the Ado River of Lake Biwa were typed in the present study. These allele Locations of the sites are shown in Fig. 1 . NOH numbers of the group II haplotypes (haplotypes unique to the site in parentheses). Over half of the fish from OM, TM, and SG were classified to group I or II using the genotyping method. Their numbers are provided in parentheses in the third and fourth columns (groups I and II). These fish are not included in the sixth column (NOH) frequency data were used for population structure analysis in the two rivers. The origin of the sampled fish of each river was inferred from the data using the STRUC-TURE 2.2 software (Prichard et al. 2000) under two different models. The first was an admixture model with prior population information that specimens from Lake Biwa have their origin in the lake itself. Another model was without such information, i.e., an admixture model with the assumption of correlated allele frequencies, where all populations may have mixed ancestry. The software was run for 500,000 generations, with a burn-in of 500,000. The most probable number of populations (K) was determined from higher values of mean Ln P(D), the log likelihood of the posterior probability of the data for a given K (Prichard et al. 2007) , and the ad hoc statistic DK (Evanno et al. 2005) , which was calculated from 10 independent runs of K = 1-10. The sample from Lake Biwa was of known origin and was used to classify individuals of unknown origin from the Naka and Kinu Rivers in the admixture model with prior population information. Gene diversities of the samples of the Naka and Kinu Rivers and of Lake Biwa were computed using the Genepop (Raymond and Rousset 1995; Rousset 2008) and Fstat software packages (Goudet 1995) .
Results
In total, 73 haplotypes of the mitochondrial cytochrome b gene were found in 372 specimens (Table S1 ). These haplotypes were deposited in the DNA Data Bank of Japan (accession nos. AB572354-572402, 572404-572418, and AB734080-734088). Of these haplotypes, 64 were found in specimens of the Kanto Plain, 18 (I01-I18) in specimens of Lake Biwa, and nine (I01-I03, I06, I10, I11, I13-I15) in both areas. The 55 haplotypes H01-H55 were found only in the Kanto Plain. In total, 96 mutation sites were found among the haplotypes (Table S1) . A statistical parsimony network revealed that the haplotypes were divided into two major groups, which were separated by 11 steps: 6 haplotypes (H1-H6) and all other haplotypes (Fig. 2) . In the phylogenetic tree construction, the Bayes tree (Fig. 3) and all other NJ, ML, and MP trees (data not shown) constructed for these haplotypes also demonstrated the presence of a cluster of H01-H06. The cluster was supported with probabilities of 100 % (Bayes), 93 % (NJ), 95 % (ML), and 96 % (MP). This cluster was further divided into two subclusters (H01-H04 and H05, H06). In the Bayes tree, the remaining haplotypes were not included in a single major cluster but were divided into four clusters, each with a probability [50 %, and seven other haplotypes. The branches connecting the four clusters and the seven haplotypes were clearly shorter than the branch to the cluster of H01-H06. The P-distance was 0.004 on average in the cluster of H01-H06 and 0.006 in the group of other haplotypes; however, the p-distance was 0.017 between the two groups. The net average distance between the groups was 0.012. The group of 67 haplotypes included all 18 haplotypes from Lake Biwa. These Lake Biwa haplotypes were distributed over the group and were not confined to any of the four clusters. Haplotypes H01-H06 were grouped as group I, and the other haplotypes were grouped as group II.
The evolutionary distance between the two groups, which is a proportion of base substitutions per site, was 1.55 % (ML). The evolutionary rate of 1.52 %/my was reported with the ML method (HKY model), which is based on the evolutionary and biogeographical patterns of European cyprinids (Zardoya and Doadrio 1999) . Given this rate, the divergence of the two groups dated back to approximately 1.0 million years ago.
Groups I and II were both present in the Kanto Plain; however, the frequency of fish belonging to each group differed among the seven rivers studied (Table 1) . Group I was composed of half or more of the fish samples collected from five rivers (NK, KN, OM, TM, and SG). Haplotype H01 composed as much as 96 % (213 of 223) of the sequences belonging to group I. Haplotypes H05 and H06 composed only 3 %; therefore, one of the two subclusters in group I represented a minor presence. No single haplotype composed [6 % of the sequences of group II (127 fish). Group II was found in all seven rivers and included all haplotypes found in KJ and in HN (Table 1 ). This result reflects that the latter two rivers in the northern Kanto Plain are outside the original distribution range of Z. platypus (Miyadi et al. 1976) . In contrast, the Naka River, which is located directly south of the Kuji River, was considered the northern boundary of the original distribution range. The composition of the group II haplotypes was heterogeneous at almost all of the sites (Table 1) . Two to 11 haplotypes were found at each site and, if any, 1 to 5 haplotypes were unique to each site. However, most of these sites also shared more than half of their haplotypes with other sites. In the Naka and Kinu Rivers, where fish were sampled at six sites, the frequency of group II haplotypes significantly differed between the rivers (Wilcoxon rank-sum test, W = 4.5, P \ 0.05), whereas the frequency did not differ unidirectionally along the course of the rivers. The average frequency was higher in the Kinu River (41 %) than in the Naka River (24 %).
The results of the estimation of the number of populations using the STRUCTURE software are summarized in Table 2 . Gene diversities of the Lake Biwa samples are listed in Table 3 , and those diversities of the Naka and Kinu Rivers are listed in Table 2 of Takamura (2009). The highest mean Ln P(D) was estimated for K = 2 under the model with prior population information concerning the Lake Biwa origin, whereas it was estimated for K = 1 under the model without such information. The criterion DK was highest for K = 2 under both models; however, this criterion was not available for K = 1. The difference of the mean Ln P(D) between K = 1 and K = 2 was subtle under both models; therefore, in the case of K = 2 (Fig. 4) , bar plots of assignment probability were consulted. In both plots, the proportion of the fish assigned to each population of K = 2 was almost symmetrical in the populations of the Naka and Kinu Rivers. In contrast, the population of Lake Biwa was separable from the populations of the rivers, even under the model without prior information. According to Prichard et al. (2007) , when there is no population structure, the proportion of the sample assigned to each population is roughly symmetric, and most individuals are fairly admixed. Thus, the plots suggested that fish of Lake Biwa were assigned to one origin, the lake itself, even without prior population information, and that fish in the rivers were well admixed.
Discussion
The present survey revealed that two groups of haplotypes occurred in rivers of the Kanto Plain: one of the groups (group I) was dominated by a single haplotype (H01), and the other group (group II) was heterogeneously composed of 58 haplotypes. Group II contained all of the haplotypes we have found from specimens of Lake Biwa. Hayakawa et al. (2009) reported the presence of three phylogroups, East Japan, West Japan, and Kyushu, based on a phylogenetic analysis of the mitochondrial cytochrome b gene. The analysis included sequence data of our six haplotypes (H01-H06). The six haplotypes (H01-H06) belong to East Japan. All of the haplotypes these authors found from Lake Biwa specimens belong to the West-Japan phylogroup (see also Mukai 2010) . Both this analysis and our results indicate that haplotypes of group I are native to the Kanto Plain and that those haplotypes of group II were introduced from western Japan, especially Lake Biwa.
It has been concluded that all the 58 haplotypes of group II in the Kanto Plain originated from western Japan. However, it is not necessarily clear whether these Table S1 . Small solid circles represent hypothetical haplotypes. Haplotypes of groups I and II are encircled with dash lines, respectively Fig. 3 Phylogenetic tree of Z. platypus haplotypes from rivers of the Kanto Plain and from Lake Biwa, Japan, constructed using the Bayesian method. ''H'' haplotypes were found only in the Kanto Plain. ''I'' haplotypes were found in Lake Biwa but include those haplotypes also found in the Kanto Plain. Reliabilities of clusters are displayed along the branches only on the five major clusters and two subclusters. All other clusters have reliabilities \50 %. Haplotypes of groups I and II are marked with brackets, respectively. The tree is drawn to scale according to evolutionary distances. Nt N. temmincki (accession no. AF309084) as an outgroup taxon Table 2 Criterion statistics generated by simulations for estimating the most probable number of populations in the Naka and Kinu Rivers Simulation results for K = 7, 8, 9, and 10 are omitted from the table because these results departed from the results for K = 1, 2, and 3
PPI simulation with prior population information K number of populations estimated, mLn P(D) mean logtransformed posterior probability of K, DK an ad hoc statistic of Evanno et al. (2005) Limnology (2015) 16:161-170 167 haplotypes have come from Lake Biwa. The 58 haplotypes were far more numerous than nine haplotypes found from both the Kanto Plain and Lake Biwa. First, this is because the number of fish specimens from Lake Biwa was as small as 18. Second, fish may have also been introduced from other water bodies than Lake Biwa (Mizuguchi 1990 ). However, the highly heterogeneous haplotype composition in Lake Biwa is also noteworthy. Each of the specimens from the lake had a unique haplotype (18 different haplotypes). Many more haplotypes could be collected from the lake. Because this lake is the largest in Japan and has a wide variety of lakeshore environments, as well as many inflowing rivers and connecting ponds, it is natural that there is a wide spectrum of sequence variation, even in mitochondrial DNA. The genetic variation in the lake itself awaits further analysis.
In an earlier study, populations introduced from Lake Biwa were discriminated from native populations by the mean number of vertebrae (Mizuguchi 1970) . However, this morphometric characteristic cannot accurately identify the origin of individual fish because the ranges of vertebra number widely overlap between populations of Lake Biwa and others (Mizuguchi 1970) . This difficulty has been overcome with the present molecular phylogenetic approach, and the present result is the first scientific evidence that the introduced Z. platypus of Lake Biwa has been established in other freshwater bodies with the presence of a different phylogroup.
Results of the STRUCTURE analysis are fundamentally in accordance with the fact that Z. platypus of Lake Biwa was introduced into rivers of the Kanto Plain. The rather mixed origin estimated for the Lake Biwa population, which was inferred by the model without prior information, might be due to the size homoplasy of microsatellite markers (Balloux and Lugon-Moulin 2002; Avise 2004) realized after a long isolation (approximately 1 million years) between the lake and eastern Japan. The results indicated that introduced fish from Lake Biwa hybridized with native fish and that, currently, individual fish are genetically well admixed, with no clear sign of population structure in some rivers of the Kanto Plain. Given the frequent and massive introduction of fish from Lake Biwa, Fig. 4 Bar plots of the assignment probability to two populations (K = 2) based on the microsatellite allele frequency for Z. platypus in the Naka and Kinu Rivers using the STRUCTURE software. Both plots were created under the admixture model with correlated allele frequencies a with and b without prior population information, respectively. The supposed origin in Lake Biwa is drawn in dark gray hybridization between native and introduced Z. platypus is probable. In the presence of hybridization, it is less likely to find any phenotypic differences between the groups of mitochondrial DNA haplotypes. At least, the emergence period of larval fish (Takamura 2013) as well as the trophic position of adult fish (Takamura 2009 (Takamura , 2013 is not different between the haplotype groups in the rivers. The discrimination by mitochondrial DNA phylogeny could lead to false inferences concerning the hybridizing populations. Current patterns of gene flow are often well reflected in neutral genetic loci, such as mitochondrial genes, but not in loci under selective pressures (Karl and Avise 1992; Williams et al. 2002) . In mitochondrial genes, the smaller effective population size also strengthens this phenomenon. In the hybridization process, it is often reported that the original genotypes are lost at mitochondrial loci but are retained at nuclear loci. There are such reports on freshwater fishes, e.g., the species of the Japanese threespine stickleback (Orti et al. 1994; Higuchi and Goto 1996; Yamada et al. 2001; Takamura and Mori 2005) and two African cichlids of Neolamprologus fasciatus (Boulenger) and Lamprologus callipterus Boulenger (Nevado et al. 2009 ), in which the original morphological characteristics are retained. Another noteworthy feature of the hybridization process is that there may have been differences in the hybridization success between female and male introduced fish because introgression by mitochondrial haplotype appeared to be weaker than that by microsatellite markers.
As the long geographical isolation and the lentic environment of the Lake Biwa system might have evolved a certain degree of adaptation to the lacustrine habitat in the Lake Biwa population of Z. platypus (Mizuguchi 1970) , more surveys concerning ecological differences among local populations of Z. platypus are required to reveal impacts of intraspecific invasion. For such surveys, local populations not invaded by the Lake Biwa population would be essential. However, the invasion has widely expanded to most of the area in the Japanese islands. Therefore, first, native populations that have not yet been invaded must be located. There is a slim chance that this task can be accomplished; however, this situation emphasizes the importance of measures to predict, find, and prevent the possible cases of intraspecific invasion.
